Localized high frequency (several GHz) electrodynamic properties of a high quality epitaxial, single-crystal Iron-Pnicitde Ba(Fe 1−x Co x ) 2 As 2 thin film near optimal doping (x=0.08) are measured under a localized and strong RF magnetic field, created by a near-field microwave microscope. Two reflection electrodynamic measurements, including linear and the third harmonic responses, are performed to understand the electromagnetic properties of Ba(Fe 1−x Co x ) 2 As 2 . Our measurement results show that Ba(Fe 1−x Co x ) 2 As 2 has have a wide superconducting transition width and may have a multi-gap nature. In addition, based on the 1/T 2 dependence of the third harmonics signal at lower temperature, Ba(Fe 1−x Co x ) 2 As 2 shows the possibility of nodal behavior.
I. INTRODUCTION
The superconducting properties of iron-based superconductors have been widely discussed recently [1] [2] [3] . Because of their high critical temperature (T c ) and high upper critical field, many ideas have been proposed for potential applications in superconducting wires for high-field accelerator magnets and many varieties of superconductive devices. These applications all require a high quality iron-based superconducting material. However it is not easy to grow a perfect single crystal of these superconductors. The electron doped iron-pnictide Ba(Fe 1−x Co x ) 2 As 2 (Ba-122 family) can be used to prepare high quality single crystal films by deposition of a SrTiO 3 (STO) or BaTiO 3 (BTO) template on LSAT or LAO perovskite substrates [4] [5] . Although its application is still constrained by the requirement of a buffer layer, it appears that a large critical current density can be achieved. Questions have arisen about whether it has a single [6] [7] or multiple energy gaps [3] [8] , without nodes [3] [9] [10] or with nodes [11] , and whether or not it has isotropic [9] [10] or anisotropic [11] gaps. This material family is still of intense interest and controversy.
Because of the success of preparing high quality single crystal epitaxial films of Ba(Fe 1−x Co x ) 2 As 2 and on some other Ba-122 families, these films are particularly suitable for the study of the iron-pnictide superconducting gap nature. From many theoretical predictions and experimental measurements, many scenarios for its gap nature are proposed and have created a great deal of debate. Some theoretical predictions have been proposed with s ± symmetry of the gap on the Fermi surfaces, consistent with the ARPES measurement which shows isotropic gaps without nodes [3] . Temperature dependent penetration depth measurement with power law behavior, ∆λ (T ) ∝ T n with n > 2, have been widely discussed but authors have different interpretations for the existence of either anisotropic gap with nodes [11] or an isotropic nodeless gap [9] . Meanwhile, Raman scattering experiments indicate a gap with accidental nodes, which may be lifted by doping and/or impurity scattering in iron arsenides Ba(Fe 1−x Co x ) 2 As 2 [12] . Optical measurement at terahertz frequency provides the results of either two optical gap superconductivity [8] or just one gap [7] . One reason that different, or even the same, approaches yield different results may be due to the impurity effects and surface inhomogeneities of the tested single crystal [13] . Therefore, a localized measurement technique on these Fe-based superconductors should be applied to further illuminate the nature of the gap structure.
Scanning superconductor quantum interference device (SQUID) susceptometry has been used in localized measurement on many iron pnictide superconductors to identify inhomogeneities of superconductivity, correlate these properties to the surface microstructure and to explore the gap nature [13] . This technique has been used to observe the existence of twin boundaries in the underdoped BaFe 1−x Co x As 2 films, along with an enhancement of the local superfluid density [14] . In addition, the relation between microstructure, grain boundaries and its critical field attracts many material science researchers to study the iron pnictide materials [15] . For example, the Ba(Fe 1−x Co x ) 2 As 2 epitaxial films shows very high upper critical field and anisotropic physical properties due to randomly distributed BaFeO 2 nanorods, which yield very strong vortex pinning in the matrix of the Co-doped Ba-122 thin film [16] [17] .
In this study, we use our novel near field magnetic-field microwave microscope to detect the localized electromagnetic responses on Ba(Fe 1−x Co x ) 2 As 2 single crystal films with x=0.08. Compared to the scanning SQUID susceptometry, our microwave microscope [18] [19] can create an intense and localized magnetic field on the scale of ∼ 200 mT and submicron resolution at GHz frequencies by utilizing a hard drive magnetic write head as a scanning probe on superconductors [20] [21] [22] [23] [24] [25]. This method is good for measuring harmonic generation below the superconducting transition temperature, the surface homogeneity of superconductors, and the intrinsic behavior of the superconducting order parameter. In this paper, linear response and third harmonic nonlinear response measurements on a Ba(Fe 1−x Co x ) 2 As 2 film will be addressed and compared to the results on conventional Nb [23] [24] superconductors. Understanding the reflected linear and nonlinear mechanisms including intrinsic and extrinsic nonlinearity in this Ba(Fe 1−x Co x ) 2 As 2 film will help illuminate the nature of iron pnictide materials. A simulated surface current density distribution (J sur f ) on the sample surface created by the magnetic write head probe at the driving frequency is shown, assuming the probe height is 200 nm away from the sample surface [22] . (c) Schematic set up of the third harmonic measurement in nonlinear microwave microscopy. Note that the third harmonic signal (P 3 f ) is selectively filtered by the microwave circuit outside the cryogenic environment.
II. EXPERIMENT
Ba(Fe 1−x Co x ) 2 As 2 with x=0.08 (thickness:200 nm) is grown by pulsed laser deposition on a (001) oriented (La,Sr)(Al,Ta)O 3 (LSAT) substrate. A 20 nm thick BaTiO 3 (BTO) film is deposited as a template layer before the deposition of Ba(Fe 1−x Co x ) 2 As 2 films. Details of the growth conditions can be found in references [4] [5] . After growth, a 20 nm thick layer of Pt is capped on the top of Ba(Fe 1−x Co x ) 2 As 2 to protect the film from degradation. The resulting film has T c = 18.1 K, characterized by the temperature dependent dc resistivity ρ(T ) measurement.
We stimulate this Ba(Fe 1−x Co x ) 2 As 2 single crystal film locally with a strong RF magnetic field from a near-field microwave probe and then measure the linear-response reflected signal [23] and the reflected third harmonic signal generated by the Ba(Fe 1−x Co x ) 2 As 2 film. Fig. 1(a) shows a schematic diagram of the linear response measurement. A single frequency fundamental tone (V + a1 ) is sent out from port 1 of the network analyzer down to the probe on the Ba(Fe 1−x Co x ) 2 As 2 thin film. A reflected signal (V − b1 ) at the same frequency is collected at the same port and then a ratioed measurement of the complex V − b1 (T )/V + a1 (T ), defined as S 11 on the Ba(Fe 1−x Co x ) 2 As 2 films, is performed at different temperatures. Note that this microscope utilizes a magnetic writer with 100 nm wide magnetic gap made by Seagate for longitudinal magnetic recording technology. The magnetic writer approaches the surface of the superconductor to a distance estimated to be on the order of 0.2 µm ∼ 1 µm, which can be approximately judged by the resonant frequency of the probe assembly and by our previous measurements on many superconducting thin films and High Frequency Structure Simulator (HFSS) field strength and configuration modeling. Fig. 1(b) shows the simulated HFSS result of the surface current density distribution produced by the magnetic write head probe assembly on the top of a perfect conductor [22] . The J sur f scale bar and arrows indicate the magnitude and direction of the screening current, respectively, in the first half of the RF cycle. In this simulation, we assume the yoke in the magnetic writer is made of ferrite. The yoke is excited by a 50 mA RF current and the separation between the probe and the sample is 200 nm. This creates a maximum surface current density J sur f =8 * 10 5 A/m. Fig. 1 (c) schematically shows the nonlinear response setup. In this case, we are gathering the localized third harmonic response generated by the superconductor. Compared to the linear response setup, the microwave circuit outside the cryogenic environment is changed to selectively filter the P 3 f signal, and the microwave circuit inside the cryogenic environment remains the same. The fundamental principle of operation of the nonlinear microwave circuit and the response from superconductors can be found in our previous work [20] [21] [24] .
III. RESULTS AND DISCUSSION
Localized linear responses (S 11 ) measurement is a useful tool to identify the film transition temperature T c in a localized area and further estimate its magnetic penetration depth (λ ). The black dots (connected by a solid black line) in Fig.  2 shows the temperature dependent S 11 amplitude ( Fig. 2(a) ) and its phase ( Fig. 2(b) ) of the Ba(Fe 1−x Co x ) 2 As 2 film. For comparison, a conventional Nb thin film with T c =8.3 K is also plotted in the blue dash line. For both measurements, the incident power levels are in the linear response regime. A sharp change of amplitude and phase in S 11 occurs near T/T c =1 for both superconducting films, indicating the individual transition of each film. This sharp change indicates that from the normal state to the superconducting state, the surface impedance of the superconducting films suddenly changes, which results in a change of the reflected voltage (V − b1 ). Quantitative interpretation of this sharp change around T c has been modeled by combining a magnetic circuit (magnetic write head inductively coupled to the sample) and transmission line (microwave circuit) [23] . However, in the Ba(Fe 1−x Co x ) 2 As 2 measurement, slightly above T c , both the amplitude and phase of Ba(Fe 1−x Co x ) 2 As 2 films show a fluctuation tail before going into the normal state (compare to the Nb result). This tail most likely indicates a wider distribution of T c values for the Ba(Fe 1−x Co x ) 2 As 2 film.
The high frequency microwave nonlinear response measurement may be useful to figure out the intrinsic multi-gap nature of Iron Pnictide Ba(Fe 1−x Co x ) 2 As 2 films. In addition, the nonlinear measurement is also very sensitive to the surface defects, for example due to extrinsic defects which generate additional channels of dissipation and reactance. In order to measure the nonlinear response of this Ba(Fe 1−x Co x ) 2 As 2 film, we change our microwave circuit to that in Fig. 1(b) and probe the Ba(Fe 1−x Co x ) 2 As 2 single crystal film surface at a fixed position. Fig. 3 shows a representative result of temperature dependent third harmonic power P 3 f (T ) under 5.1 GHz localized microwave excitation. Excitations at different power are performed to clarify the relation of P 3 f (T ) at low (8 dBm) and high excitation power (11 dBm). The criteria of low power or high power excitation is judged by whether the probe nonlinearity is excited above the noise floor of the spectrum analyzer or not [20] . Peaks in P 3 f (T ) near T c can be interpreted as the intrinsic nonlinearity from the rf current-induced modulation of the superconducting order parameter near T c due to the decrease of superfluid density and the associated divergence of the penetration depth [20] [26] [27] . Comparing to the low power excitation and high power excitation P 3 f (T ) curve, one finds the positions of these peaks slightly shift toward lower temperature at higher excitation power due to localized heating by microwave power. In addition, one finds both peaks (microwave T c ) are slightly lower than the "dc zero-resistance T c ". The lower microwave T c implies microwave measurements generally respond to lower dissipation levels, making them more sensitive than the DC resistivity measurements.
In addition, while T < 15 K, P 3 f (T ) increases monotonically with decreasing temperature. Although this observed temperature dependence of P 3 f (T ) is reminiscent of that arising from Josephson weak links [28] or Josephson vortices in a large Josephson junction [29] , weak link nonlinearity should not occur in the epitaxial single crystal structure. From 15 K to 6 K at 8 dBm excitation, one can find the cooling down nonlinear trace and warming up nonlinear re-trace shows a hysteretic behavior [30] . This implies that extrinsic nonlinearity due to oscillation and motion of trapped vortices [31] would be one of the possible nonlinear mechanisms at this intermediate temperature regime. Because the thickness of this film is always smaller than the penetration depth, the magnetic flux coming out from the magnetic gap of the writer probe must go through the film and forms a vortex and antivortex pair perpendicular to the film. This situation is analogous to having a parallel magnetic dipole on top of the superconducting thin film (horizontal blue arrow in Fig. 4) . A vortex and an antivortex nucleate perpendicular to the film and will move under the influence of the RF screening currents 2 As 2 can be judged by temperature-dependent P 3 f (T) at thermal energy below the energy of the smallest gap. At temperature T < 6 K at 8 dBm excitation power shown in Fig. 3 , there is no hysteresis behavior. This implies that extrinsic nonlinearity due to vortices does not dominate the nonlinear response because of the increase of pinning force due to the increase of critical current at lower temperature. In addition, the probe nonlinearity, P probe 3 f at 8 dBm is under the noise floor of the spectrum analyzer, and would not affect the measured P 3 f (which will be discussed in Fig. 5 ). However, one finds the variation of low temperature dependent P 3 f (T) follows the relation:
The green solid line in Fig. 3 similar to that observed in the d-wave YBCO superconductor. Another possibility is the nonlinearity coming from transport through normal metal-superconducting (NS) junctions [38] . Note that the Ba(Fe 1−x Co x ) 2 As 2 film is capped with a 20 nm thick Pt layer. Therefore an NS interface will produce proximity-induced subgap states which are probed by the RF field. In addition, if the interface of the NS junction has impurities or vacancy defects, the normal metal-insulatorsuperconducting (NIS) junctions may also be formed. Then localized surface states due to the NIS junctions in the multiband superconductor can also produce significant nonlinearity even in the absence of nodes. We are not aware of quantitative analysis of temperature dependent nonlinearity on NS and NIS junctions of Ba-122 families. In order to understand the intermediate and low temperature nonlinear mechanisms, measuring the dependence of nonlinearity on the fundamental tone power is one of the approaches. Fig. 5(a) shows the dependence of P 3 f on P f at a fixed position and some selected temperatures for this 200 nm thick Ba(Fe 1−x Co x ) 2 As 2 film. In the normal state (T > 18.1 K), the measured nonlinearity comes from the probe itself because the magnetic write head is made of ferrite which generates background nonlinearity [20] . Note that the probe third harmonic response (P probe 3 f ), which also depends on the probe height, only becomes measurable at high excitation powers (above 10 dBm). For measurement below T c , all curves (at temperature T 1 ,T 2 and T 3 ) show a sharp P 3 f onset from the noise floor of the spectrum analyzer. After the onset, the nonlinearity continues to increase with fundamental power until a turnover point. After the turnover point, the nonlinearity goes down until it approaches the curve of probe nonlinearity, P probe 3 f (data taken at T = T N ). After that point, the measured nonlinearity oscillates around the curve of probe nonlinearity as the two contributions interfere constructively and destructively. Fig. 5(b) is the same power dependent measurement of P 3 f on P f but on a bulk Nb superconductor for comparison. All curves also have a sharp P 3 f onset from the noise floor of the spectrum analyzer, which is -142.5 dBm in this measurement. Nonlinearity keeps growing before a turnover point and then drops gradually to follow the probe nonlinearity. Each curve [24] . The dashed line in each curve indicates the extrapolation of P 3 f on P f through the P probe 3 f to the noise floor of the spectrum analyzer.
The T c of this bulk Nb is 9.2 K and P probe 3 f is taken at T N =10 K.
in Fig. 5(a) and Fig. 5(b) looks similar but there are many differences upon closer examination.
First, the relation of temperature dependent onset is different. In the bulk Nb measurement, the relation of onset power for each temperature is P
f . Therefore for conventional superconductors such as Nb, the onset of nonlinearity requires higher excitation power at lower temperatures because the sample remains in the Meissner state and because of the larger critical field (∼H c1 ) at lower temperature. However, in the Ba(Fe 1−x Co x ) 2 As 2 measurement, one can clearly see the relation of onset power is the opposite, P
f . This means nonlinearity can be easily excited at lower temperature (T=5 K), the same behavior observed on a two gap high quality MgB 2 film [21] . One interpretation of this low-temperature nonlinear response is that it is due to an intrinsic nonlinearity arising from Josephson coupling between two or more gaps in the Ba(Fe 1−x Co x ) 2 As 2 film. Hence, the variable phase difference of the coupled superconducting gaps will produce the nonlinear response when a nonequilibrium charge imbalance appears at short length scales [39] , essentially the nonlinear mechanism associated with excitation of the Leggett mode for two gap superconductors [39] . Note that the situation of charge imbalance can be easily created from the perpendicular component of the RF magnetic field as shown in Fig. 4 .
Secondly, after a little increase of P f from the point of turnover on each P 3 f versus P f curve, one can see a sharp drop at T=5 K and T=10 K in Fig. 5 (a) . These sharp drops suggest the sudden loss of a nonlinearity mechanism. For example it could be the annihilation of a superconducting order parameter in high RF magnetic field, implying that perhaps one of the superconducting gaps is suddenly destroyed by localized intense magnetic field on the Ba(Fe 1−x Co x ) 2 As 2 film surface. At that point, the Leggett mode nonlinearity is eliminated due to the loss of the second gap, reducing the P 3 f output suddenly.
The excitation level of these turnover points should be proportional to the temperature dependent lower critical field of the smallest energy gap of Ba(Fe 1−x Co x ) 2 As 2 . Fig. 6 shows a summary plot of the P 3 f and estimated surface B field at the turnover peak points (B turn ) versus the corresponding temperature. Note that P 3 f is on a linear power scale in Watts. The surface RF magnetic field is converted from P f by the the relation of P f (T ) = k[B turn (T )] 2 , where k a constant relating the incident power in the probe to the RF magnetic field experienced by the sample surface, and k = 25.6W /T 2 is taken [24] . This number is judged by the field scale generated by HFSS simulation in Fig. 1(c) and experimental results on a known Nb conventional superconductor for calibration. One can find the temperature dependent P 3 f and surface B field at the turnover peak points is similar to the temperature dependent critical field. A fit of temperature dependent surface B turn field is done by tuning the value of T ′ c , n and B 0 of the following approximation equation:
With T ′ c = 21.15 K, n = 2.88 and B 0 = 37.47 mT , one can get the smallest standard deviation between experimental data points and the approximation equation as shown on the plot of the solid line in Fig. 6 . The B 0 perhaps can be interpreted as the lower critical field B c1 for fields along the c-axis of the Ba-122 film. Given an upper critical field B c2 (T = 0K)∼100 T and Ginzburg-Landau (GL) parameter κ=λ /ξ GL ∼ 10 2 [2] [40] , where ξ GL is the superconducting coherence length, one can predict the value of B c1 for Ba-122 single crystal is on the order of 25 mT [2] . The B 0 from the fitting is also very close to the experimentally measured lower critical field on another iron-pnictide superconductor BaFe 2 (As 1−x P x ) 2 with B c1 (T = 0K)= 30 mT ∼ 60 mT at different Phosphorus doping [41] .
Finally, for Ba(Fe 1−x Co x ) 2 As 2 films as shown in Fig. 5(a) , the shape of P 3 f on P f at T=16.5 K is different from that at T=5 K and 10 K. At T=16.5 K, there is no sharp drop after the turnover point. This shape is similar to that of bulk Nb at any selected temperature. This implies that at T=16.5 K, nonlinearity comes from the extrinsic nonlinear response, and something analogous is seen in bulk Nb. This specific curve shape is very similar to the interference from vortices in Josephson coupled rings [24] [42] , which indicates the nonlinearity at T=16.5 K comes from the dynamics of vortex penetration, jumpwise instabilities in the Ba(Fe 1−x Co x ) 2 As 2 film under strong and localized RF fields. An extrapolation dashed line similar to the plot on Nb may indicate the presence of another superconducting gap (large gap) of Ba(Fe 1−x Co x ) 2 As 2 at this temperature. Hence the co-existence of a sharp drop of P 3 f on P f and extrapolation plot to indicate the annihilation of superconducting gaps on the P 3 f versus P f curves suggests a multigap nature of Ba(Fe 1−x Co x ) 2 As 2 .
IV. SUMMARY
From the temperature dependent linear responses measurement, the Ba(Fe 1−x Co x ) 2 As 2 film shows a relatively wide superconducting transition width at its T c . From the temperature dependent P 3 f (T ) measured at 8 dBm excitation power, different nonlinear mechanisms in different temperature regions are seen. At temperatures around T c , the nonlinearity comes from the current-induced modulation of the suppressed superconducting order parameter near T c . In the intermediate temperature range, nonlinearity is dominated by the motion of vortices. At temperatures below 6 K, in addition to the possible NS junction nonlinearity, the measured nonlinearity of the Ba(Fe 1−x Co x ) 2 As 2 film is also consistent with the intrinsic nonlinear Meissner Effect of a nodal gap function at low temperature. The third harmonic power (P 3 f ) dependence on fundamental tone power (P f ) shows nonlinearity at low temperature can be easily stimulated at very low excitation power, quite different from the results on Nb, a conventional single gap s-wave superconductor. Therefore, from the localized high field electrodynamic measurements, the Ba(Fe 1−x Co x ) 2 As 2 superconductor shows behavior consistent with a multigap nature and possibly a nodal gap. 
